In this paper, we have made a systematic study of the electronic and optical properties of InGaN based quantum dot light emitters. The valence force field model and 6 ϫ 6k · p method have been applied to study the band structures in InGaN or InN quantum dot devices. Piezoelectric and spontaneous polarization effects are included. A comparison with InGaN quantum wells shows that InGaN quantum dots can provide better electron-hole overlap and reduce radiative lifetime. We also find that variation in dot sizes can lead to emission spectrum that can cover the whole visible light range. For high carrier density injection conditions, a self-consistent method for solving quantum dot devices is applied for better estimation of device performance. Consequences of variations in dot sizes, shapes, and composition have been studied in this paper. The results suggest that InGaN quantum dots would have superior performance in white light emitters.
I. INTRODUCTION
Nitride based light emitting diodes ͑LEDs͒ have become important ultraviolet and blue light sources.
1,2 With the assistance of phosphors, these devices can provide white light emission and are very important technologies for the lighting markets. It is known that the bandgap of InGaN alloys can range from 0.7 to 3.4 eV, thus covering the emission spectrum from infrared to ultraviolet. Therefore, it is possible to make InGaN alloys as red, green, and blue ͑RGB͒ lighting sources to emit white light without the assistance of phosphors. There is also a strong potential in smart lighting markets by changing RGB colors strength. However, the emission efficiency of InGaN quantum well drops significantly when we push to longer wavelength, i.e., green or red light emission. 3, 4 There is a large lattice mismatch of ϳ10% between the InN and GaN. This large lattice mismatch leads to a strong piezoelectric polarization field inside the quantum wells for the normally used c-axis growth. As a result, a strong quantum confined Stark effect ͑QCSE͒ is observed in the quantum well structures. The crystal film quality also worsens due to stronger strain as we push the emission to longer wavelength by increasing the indium composition. This may also lead to In-clustering effects. Therefore, it is hard to grow a high indium composition layer for the longer wavelength emission and the efficiency drops significantly for longer wavelength LEDs.
It is known that under high strain conditions StranskiKrastanov growth mode can dominate leading to dot formation. [5] [6] [7] [8] [9] [10] Also increased indium composition might lead to phase segregation or form a quantum-dot-like structure due to the strong lattice mismatch. In such structures the electron and hole states become localized. These localized states might be disadvantages for applications that require precise control of emission spectrum such as lasers, etc. However, for lighting technologies where a broad band of emission spectrum is needed, these structures might have some advantages. As we know, the formation of quantum dot structures comes with the strain relaxation of InGaN layer so that the piezoelectric polarization effect will be weaker than the quantum well structures. Furthermore, it is much easier to grow higher indium composition of quantum dots and even 100% InN quantum dot structures can be grown. 11 Therefore, by controlling the dot size and indium composition, it is possible to emit in the entire visible light emission spectrum. Hence, it is important to understand if the use of quantum dot systems has any advantage over quantum well systems in terms of e-h overlap, polarization dependence of light emission and bandgap ranges possible.
There have been some works for studying of AlGaN/ GaN based quantum dots [12] [13] [14] [15] [16] and some works for InGaN based quantum dots 9 based on different methods to calculate the strain and electronic states, which have motivated the experimentalists to work on this field. In this work, we applied the valence force field ͑VFF͒ model 17, 18 to study the strain, which is a microscopic atomic model and is used to study the strain of other material systems in our laboratory. 19, 20 Compared to the macroscopic model such as using continuum mechanical method 9 or Green's function for the strain tensor, 14 VFF model provides a atomistic approach to the strain calculation. The spontaneous polarization, piezoelectric polarization induced by the strain, and deformation potential are included into our three dimensional ͑3D͒ Poisson solver. The band structures are solved by k · p method. As we know, due to the effect of strong polarization field, a strong QCSE exists in nitride system, which decreases the emission strength. The band bending will decrease as the carrier injection density increases due to the a͒ Electronic mail: yrwu@cc.ee.ntu.edu.tw.
JOURNAL OF APPLIED PHYSICS 105, 013117 ͑2009͒ screening effect. Therefore, in order to accurately estimate the band structures, a self-consistent method is necessary for high carrier density condition. However, in most of quantum dot simulation, 9,12-16 these equations are not solved by a selfconsistent way, which is only valid for low carrier injection condition. In order to more accurately calculate the device, we have applied the self-consistent method to solve these equations in order to provide better estimation for high carrier injection condition. In this paper, we will systematically study the electronic and optoelectronic characteristics of InGaN/InN quantum dot structures by considering the effects of different dot sizes, indium compositions, wetting layer thickness, shapes, and carrier injection and compare them to those of quantum well structures. With these information, we can provide the experimentalists a guide of designing quantum dot devices. We think this will be very useful not only for lighting applications but also quantum dot laser applications.
II. FORMALISM
To understand the quantum dot system we need to address 18 The VFF model is a microscopic model where the interaction between each atom and its nearby atoms is considered. The total strain energy is expressed as function of atomic positions, R ជ i , using a sum of bond stretching ͑V 2 ͒ and bond bending ͑V 3 ͒ terms:
where d ij 0 denotes the unstrained bond length between atoms i and j, and 0 is the unstrained bond angle, and cos 0 = −1 / 3. The bond stretching ␣ and bond bending ␤ force constants are listed in Mattila and Zunger. 18 The strain energy of each atom is minimized by an iterative method to find the most stable configuration. Once the system reaches the lowest energy, the strain distribution inside the structure can be obtained by evaluating the relative shift of each atom in a cell. The strain is obtained in the dots as well as the surrounding GaN region as well as in any wetting layer present.
After obtaining the strain information, we calculate the induced piezoelectric polar charge in the quantum dot device. The polarization induced by strain can be obtained by
where e 51 , e 31 , and e 33 are the piezoelectric coefficients and can be found in Ref. 21 . After obtaining the piezoelectric polarization from strain and also considering the spontaneous polarization, we can calculate the total charge density from the total polarization. The potential affected by these polarization charges is solved with a 3D Poisson solver where
p represents to total polarization charges, V is the potential of the quantum dot device, and is the dielectric constant. The LAPACK solver is applied to solve the large sparse matrix, where the band size of the sparse matrix is minimized and banded matrix solver in LAPACK is used to get the inverse. Finally, in order to calculate the eigenstates and envelope wave function of electrons and holes, we applied 6 ϫ 6k · p envelope function method 22, 23 for calculating the valence band and effective mass approximation method for calculating the conduction band. The 6 ϫ 6k · p envelope function model can be expressed as
where
D 1 -D 6 are the deformation potentials and A 1 -A 7 are the fitting parameters to valence band structures, which can be found in Ref. 24 . The k x , k y , and k z will be transformed into the differential forms −i ‫ץ‬ / ‫ץ‬x, −i ‫ץ‬ / ‫ץ‬y, and −i ‫ץ‬ / ‫ץ‬z, respectively. The bases of the Hamiltonian are 1 / ͱ 2͉X + iY , ↑͘,
where the polarization of the emission light is strongly affected by these basis functions. A 3D finite difference method is applied to solve the 6 ϫ 6k · p method, where the matrix size is 6N 3 and N is the discretization segment. The ARPACK solver is used to find the eigenvalue and wave function for this large sparse matrix. In order to compare with the quantum well system, a self-consistent PoissonSchrödinger solver developed by Wu et al. 25 is used to study the band structure of quantum well for comparison. The k · p method is applied in the quantum well structure to calculate the electron and hole wave functions near the band edge.
After obtaining the e-h wave function and energy levels, we can calculate the spontaneous emission rates of a single quantum dot. The light emission rates is expressed as
where E i,j is the average energy separation between i , j states, n r is the refractive index, and is the inhomogeneous broadening factor. f e and f h are the occupancy of electrons and holes, which can be expressed as
. ͑8͒
E fn and E fp are the quasi-Fermi levels and will be decided by the injected carrier density. ͉â · p i,j ͉ 2 is the momentum matrix element between electronic state i and hole state j and can be expressed as
The emission strength will be basically affected by the square of the electron-hole ͑e-h͒ envelope function overlap,
2 , which will be discussed in great detail in Sec. III. The carrier radiative lifetime can be calculated by
where n inj is the injected carrier numbers. With these formalisms, we can study the performance of the quantum dot device.
A. A self-consistent solver for solving Poisson and k · p Schrödinger equation
As mentioned earlier, when carrier are injected into the InGaN quantum dot device, the QCSE will be screened by the free carriers. As a result, the band bending will decrease, the oscillator strength will increase, and the emission peak will have a blue shift. Self-consistent approaches have been applied to quantum well system where it is shown that for c-axis growth, there are strong screening effects that cannot be ignored. Large blueshift ͑up to 100 meV͒ and strong change in oscillator strength ͑up to a factor of 3͒ occur when one goes to high injection. For quantum dots, such selfconsistent approaches are not available. This is mostly due to the enormous numerical challenges affected by 3D system of equations that need to be solved. Thus the question remains if whether self-consistent studies are critical in understanding quantum dots, especially at high injection levels needed for lighting or laser applications. In this paper, we present selfconsistent solutions for the electronic and optical properties of InGaN quantum dots. Due to the computational complexities, the results are presented for a few selected cases under high injection conditions. Figure 1 shows a schematic of the quantum dot structure we consider in the calculation. Since the InGaN is a wurtzite structure with hexagonal symmetry. Therefore, the hexagonal pyramid is mainly considered in this paper.
III. RESULTS
12,14 Some work 9 suggested that different dot shapes will affect the emission property, which is reasonable due to different strain effects. However, for most experimental works, the dot shape is more close to hexagonal pyramid so that we mainly focus on this shape. The base to height ͑BH͒ ratio in the calculation ranges from about 2-4. Note that the ratio is not exactly 2 or 4 since the lattice dimensions of a and c are not the same. It is known that quantum dots are formed on top of a wetting layer. We calculate results with wetting layer thicknesses ranging from ϳ0 to 1.08 nm. For the thicker wetting layer, the behavior is found to be more like that in a quantum well where no localized confined state is found and very strong piezoelectric effect is induced inside the wetting layer. The strain inside the quantum dot not only influences the deformation potential ͑and thus bandgap͒ but also the piezoelectric polarization. 
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Fig. 2͑a͒, there is a strong compressive strain, ⑀ xx , in the InGaN wetting layer at bottom and the compressive strain becomes slightly weaker toward the top of the InGaN quantum dot, and as a result the GaN region right on the top corner of the dot will suffer a slight tensile strain. Additionally there is a very strong tensile strain ⑀ zz at bottom of InGaN and a slightly compressive strain at the top of the InGaN dot as shown in Fig. 2͑b͒ . The strain induced polarization charges can be calculated by Eq. ͑2͒. We find that the strain variation is much smaller in the dot than the strain in the wetting layer. Therefore, the polarization charge distribution is much smoother and the potential variation is much weaker. Figure 3 shows the calculated piezoelectric polarization charge distribution inside the quantum dot for the height equal to 4.3 nm. As shown in Fig. 3 , the polarization charge density is much weaker compared to the wetting layer since the strain is relaxed in the dot structures. The potential variation due to the polarization charges is calculated by 3D Poisson solver as described in Eq. ͑5͒ and Fig. 4 is one of these results. The results show that there is ϳ0.25 eV band bending inside the quantum dot device, which is much weaker than in typical quantum well cases for the same thickness. This would lead to a stronger e-h overlap. However, it is also observed that the polarization charges induced by the wetting layer will contribute to the additional band bending and as a result, a thinner wetting layer or dots without a wetting layer would be ideal choices to optimize the device performance. Note that the result is obtained without carrier injection. The band bending will be weaker after carriers are injected.
For ideal white light emitting sources, one would like to have light emitters that can emit in the entire visible light spectrum. Figure 5 shows the change in effective bandgap versus dot height with different indium compositions. For optimization, no wetting layer is set and the BHs of Figs. 5͑a͒ and 5͑b͒ are 2 and 4, respectively. As the dot size increases, it is expected that the effective bandgap will decrease. As the BH values become larger, the device behaves more likely to the quantum well structure, where the quantum confinement effect is weaker and the effective bandgap is smaller compared the same dot height with smaller BH. The results suggest that we can design quantum dots to emit light with a wide spectral range by controlling the dot size and indium composition to make a more saturated or tunable white light sources thus achieving performance better than the current phosphor coating based devices. It is note that when the dot size is too small, we might not be able to find the confined electronic states. Therefore, for small indium composition cases such as In 0.2 Ga 0.8 N quantum dots, where the barrier potential is small, the shrinkage of dot size is further limited. Figure 6 shows the overlap of e-h ground state wave functions and the calculated radiative lifetime of a single quantum dot. The radiative lifetime is calculated by assuming that one electron and one hole are injected into the quantum dot. The BH values of Figs. 6͑a͒ and 6͑b͒ are 2 and 4, respectively. No wetting layer is assumed in this case. As shown in Fig. 6 , the e-h overlap reaches 50%-70% for dot sizes around 2-3 nm. As the dot size continues to decrease, the electron, which has smaller effective mass, will not be well confined inside the dot and the wave function will spread into barrier region so that the further reduction in dot size is limited. Also when the indium composition increases, the electron is better confined in the quantum dot so that a slightly stronger overlap is achieved at the smaller dot size. The overlap decreases gradually as the dot size increases due to the QCSE. As the BH values become larger, the overlap decreases more rapidly as the indium composition increases. This may be due to the weaker confinement of quantum dot structures, where larger BH values with the same height have larger volume and thus reduce the quantum confinement effect. As the base to height ratio continues to increase, the device behavior will become more similar to the quantum well structure. The radiative lifetimes are calculated by Eqs. ͑7͒ and ͑10͒. From these equations, we can know that the radiative lifetime is mainly affected by the square of e-h overlap and injected carrier density. As shown in Fig. 6 , the radiative lifetimes for BH equal to 2 are around 0.2-10 ns and the radiative lifetimes for BH equal to 4 are around 0.3-400 ns. The results suggest that the dot size in the lateral direction is also limited.
As mentioned earlier, the wetting layer thickness will affect the e-h overlap significantly. As we know, for an InGaN quantum well, the typical well thickness is around 2-3 nm. Therefore, if the wetting layer is too large, the strong polarization between the interfaces will introduce an extra band bending to reduce the oscillator strength. As shown in Fig. 7 , a slightly increase in the wetting layer reduces the e-h overlap. The emission rate will drop since it is proportional to the square of e-h overlap. The results suggest that a quantum dot without a wetting layer could provide a better performance. Some growth technologies such as directly using E-beam to make a nanoscale mask for the nanodot growth might be able to make structures without a wetting layer.
In order to examine the performance of quantum dot as compared to the quantum well case, we also calculate the oscillator strength and effective bandgap for quantum well structures with different well sizes. Figure 8͑a͒ shows the calculation results for In 0.2 Ga 0.8 N quantum wells with different well sizes and different injection conditions. As shown in Fig. 8͑a͒ , the overlap of e-h envelope function of quantum well structures is only about 39% at low injection conditions and about 53% under high injection condition for 2 nm well width. Additionally the e-h overlap drops rapidly when the well thickness increases. Therefore, the quantum dot structure could have a 60%-70% improvement in e-h overlaps compared to the single quantum well cases. For smaller well width cases, the injected carrier density is limited so that the carriers cannot fully screen the polarization field. Figure 8͑b͒ shows the calculated radiative lifetime and the corresponding spontaneous emission rates for the quantum well case with different quantum well thicknesses. As shown in the figure, a higher e-h overlap will lead to shorter radiative lifetime, which can greatly improve the internal quantum efficiency in the light emitter in presence of defects. When the quantum well thickness is larger than 4 nm, the radiative lifetime is much larger than 100 ns, which is too large for light emission.
The radiative lifetimes for quantum well structures are much larger than what we calculate for the quantum dot structures where typical radiative lifetimes are found to be around 0.3 ns to a few nanoseconds. It is also important to note that in the quantum well structures, although the electron and hole wave functions are confined in the vertical direction, they are free to move in the lateral direction. This could increase the chance of nonradiative lifetime due to defects, dislocations, etc., since carriers could diffuse to these defects. In the quantum dot device, the electron and hole are confined inside the dot state and since in StranskiKrastanov growth there is no dislocation through the quantum dot the nonradiative lifetime could be longer, which could improve the internal quantum efficiency even more.
If we assume that the quantum dot density is around 5 ϫ 10 11 cm −2 in a layer and each dot is injected by one electron and hole, which is equal to the quantum well case where n 2D =5ϫ 10 11 cm −2 , we can find that the radiative lifetime of quantum dot is two order of magnitude smaller than the quantum well cases. This implies larger current can be injected into a quantum dot layer compared to single quantum well cases. Even if the quantum dot density is around 10 10 cm −2 , the quantum dot device is still competitive to the quantum well structures. It may also be possible to stack quantum dots to increase their areal density.
As mentioned earlier, it is important to understand how the injected carriers screen the electric polarization field. Therefore, we applied the self-consistent approach to study changes in the oscillator strength when carriers are injected. Figure 9͑a͒ shows the potential along the z axis at the center of the quantum dot device with dot height equal to 4.3 nm. The wetting layer thickness is 0.53 nm. As shown in Fig.  9͑a͒ , the band bending is stronger when carriers are not injected. As the electron and hole are injected, we can find the relative changes to the potential. When we injected more than two electron and hole into a single quantum dot, the screening effect becomes saturated since higher order state is not well localized inside the quantum dot. Figure 9͑b͒ shows the changes in the effective bandgap. A maximum blueshift around 10-50 meV is observed in high injection condition. Figure 9͑c͒ shows the changes in the e-h overlaps and estimated radiative lifetimes versus injected carrier numbers. There is 10%-30% changes in e-h overlap when the electron and hole are injected. The screening effect is much clear for larger dot size due to the larger band bending in the system. The radiative lifetime is inversely proportional the square of e-h overlap so that a 70% improvement is expected for the dot size equal to 6.4 nm. Continues to increase the carrier injection may increase the e-h overlap. However, it will be limited by the dot size due to the quantum confined effect. Only a few carriers can be injected in the quantum dot device especially for the small one. Our result suggests that under very high carrier injection condition, the self-consistent method will be needed for better consideration of device performance.
In this paper, we have studied the performance of InGaN quantum dot with different dot sizes, shapes, indium compositions, and wetting layer thicknesses. If the StranskiKrastanov method is used to grow the InGaN quantum dot, the wetting layer is expected to be around 1-2 nm. In our study, we find that this will affect the e-h overlap. However, since the electron and hole are in a localized state, they are not moving laterally and may thus be unaffected by dislocations or defects. Therefore, even if the radiative lifetime is long, the nonradiative lifetime could be even longer.
IV. CONCLUSION
In conclusion, we have made a systematic study of the band structure of InGaN quantum dot devices and compared the results with InGaN quantum well devices. Our results suggest that quantum dot based devices could provide better e-h overlap to reduce the radiative lifetime. The effects of wetting layer, dot size, indium composition, and BH ratio have been evaluated and it suggests that a thinner wetting layer and smaller base to height ratios are suggested for optimum devices. Of course, this depends on fabrication ability. It also depends on the barrier potential to confine the electrons. The relation of dot size versus the effective bandgap for different indium compositions is also studied. Our calculated results provide a guideline for controlling emission wavelength of quantum dots with different dot sizes and indium compositions. The oscillator strength of quantum dot is much larger than the quantum well devices. We have also studied the band bending and oscillator strength change when injection densities are high. A self-consistent method has been applied to study the screening of electric polarization. We see that while screening effects are not as strong as for quantum wells there are still some improvements in e-h overlap and carrier recombination. The result suggests that typically recombination rates can be enhanced by more than 70% when the structure has a high level of carrier injection. 
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